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Introduction
To rehabilitate missing dentition, treatment with 
fixed dentures often requires reshaping of the con-
figuration of the neighboring healthy teeth. In 
addition, the remaining teeth might not provide 
sufficient support and retention for daily chewing 
function with removable dentures. Consequently, 
dental implants have gradually become one of the 
main treatment modalities to rehabilitate missing 
teeth.1−5 The principal function of implants is to 
stably support the prosthesis after osseointegration 
with the jaw bone. Two types of interfacial fixa-
tion are necessary for successful stabilization of the 
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implant-bone structure. The first is mechanical fix-
ation by the implant threads. This is the main con-
tributing factor to the initial stability of the implant 
itself. However, for long-term stabilization, the 
second is biological fixation, which is necessary for 
further osseointegration of the inserted surfaces of 
the implant by the surrounding bone. Historically, 
determining how to enhance the efficiency of both 
fixation types is a well-known active topic of implant 
research.6,7
Osseointegration is reported to be affected by 
many factors, including the implant design, surface 
treatment, bone quality, surgical technique, post-
operative care, and so on.8−10 Among these, the 
thread design of an implant is one of the dominant 
factors.11 Previous studies reported that the total 
contact area between the implant and bone plays a 
significant role in the osseointegration strength of 
implant-bone interfaces.10,11 In addition, the design 
of the implant threads directly affects the stress 
distribution and marginal bone resorption.12,13
Theoretically, the contact area and stress dis-
tribution of bone-implant interfaces are closely 
related to the values of those parameters. Among 
them, the pitch and two flank angles dominantly 
affect the pull-out and push-in strengths of bone 
chips sandwiched by the implant threads.14,15 Ad-
ditionally, the fatigue strength of the implant threads 
is affected by the height, pitch, and especially the 
two root radii of the implant threads.16,17 In the 
literature, many numerical and clinical reports re-
vealed that the first thread is the most stressed 
site, and thus the initial microfracture and eventu-
ally immature osseointegration occur at this site.18 
There are various types of dental implants for clin-
ical use, and designs of the thread shape and taper 
differ greatly among them.
In this study, the geometric and mechanical ef-
fects of thread design on the marginal bone were 
evaluated. First, nine implant variations of thread 
shapes and tapers were developed to compare the 
values of the total contact area among them. Sub-
sequently, a finite-element method was used to in-
vestigate the effects of thread design on the stress 
distribution of the marginal bone, especially at the 
first thread.
Materials and methods
Implant and bone models
In this study, the thread design was divided into 
two categories: thread shape and taper. Generally, 
the thread shape is defined by seven constitutive 
parameters (Fig. 1). The conical and cylindrical 
profiles of the threaded portion are two common 
types of thread taper (Fig. 2A). In this study, three 
types of thread shape were investigated: symmet-
rical, square, and buttressed (Figs. 2A and 2B). The 
thread height and width were, respectively, 0.35 mm 
and 0.50 mm for all types of thread shape. The com-
monly used thread for commercially available im-
plants has a 0.60-mm pitch. However, the 0.60-mm 
pitch and 0.50-mm width cause the square thread 
to have a very thin wall thickness (= 0.10 mm). 
Hence, especially for square threads, threads with a 
0.80-mm pitch were also used in this study (Fig. 2B). 
The 0.6-mm pitch of the implants was further di-
vided into cylindrical and conical types according to 
the thread taper along the implant axis (Fig. 2A). 
Each inner and outer diameter of the cylindrical type 
was uniform along the implant axis. For the conical 
implant, the thread depth was constant and the outer 
diameter gradually decreased toward the implant 
tip, with a tapering angle of 2.0°. Consequently, 
there were nine variations (3 thread forms × 1 coni-
cal thread × 1 thread pitch + 3 thread forms × 1 cylin-
drical thread × 2 thread pitches) in this study. For 
the nine implant models, the outer diameter at the 
screw hub and the length of the threaded portion 
were 3.80 mm and 10.0 mm, respectively. The cur-
rent study assumed that the cutting flutes at the 
implant tip and the interconnective mechanism at 
the implant/abutment interfaces had minor effects 
on the stress distribution at the first thread. Hence, 
the cutting flutes and interconnective mechanism 
were not evaluated in this study.
The implants with the aforementioned nine var-
iations were inserted into the bone block which 
consisted of cylindrically shaped cortical and cancel-
lous bones (Fig. 3A). The outer diameter and depth 
of the cortical and cancellous bones were, respec-
tively, f 10 × 2 mm and f 10 × 10 mm. The collar of 
the implant made contact with the cortical block. 
The threaded portion of the inserted implant was 
fully within the cancellous bone. In this study, the 
three-dimensional models of the implant and bone 
block were created by SolidWorks 2008 software 
(SolidWorks Corp., Concord, MA, USA).
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Fig. 1 Constitutive parameters of typical implant threads 
including pitch (P), width (W), height (H), flank angles 
(q1 and q2), and root radii (R1 and R2).
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Finite-element analyses
The finite-element model established in this study 
included the implant and two bone blocks (Fig. 3A). 
The material properties of all three materials were 
assumed to be isotropic and linearly elastic.19,20 
The implant was made of Ti-6Al-4V, for which Young’s 
modulus and the Poisson ratio were, respectively, 
110 GPa and 0.32. Young’s moduli of the cortical and 
cancellous bones were, respectively, 14.8 and 3.0 
GPa, while the Poisson ratios of both were identical 
at 0.3.21−23 In this study, the maximum von Mises 
stress of each component was compared with its 
yield strength to validate the material assumption 
of linear elasticity. The current study attempted to 
investigate the effects of thread shape and taper 
on the initial stability of the implant-bone struc-
ture. For the initial stability, the interfaces be-
tween the implant and bone blocks were assumed 
to be not fully osseointegrated. The load-transfer 
property of the implant-bone interface was simu-
lated to behave as a node-to-node contact ele-
ment without friction. Nodes at the bottom of the 
cylindrical bone block were assumed to be fully 
fixed (Fig. 3A). As shown in Fig. 3A, the top of the 
implant was subjected to an axial load of 100 N 
and an oblique load of 100 N at a 15º incline to the 
implant axis.12,24
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Fig. 2 (A) Two types of thread taper along the implant axis: conical and cylindrical. Three types of thread shape were 
studied in the finite-element analyses: symmetrical thread, q1 = q2 = 30º and R1 = R2 = 0.15 mm; square thread, q1 = q2 = 0º 
and R1 = R2 = 0.15 mm; and buttressed thread, q1 = 5º, q2 = 20º, and R1 = R2 = 0.15 mm. The thread width of all thread shapes 
was consistently 0.50 mm. There was one pitch of 0.6 mm for each thread shape. (B) As above, the three types of 
thread shape were the same. There was one pitch of 0.8 mm for each thread shape.
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To determine the accuracy of the calculated 
stresses, the local controls for the higher mesh 
density were given at the threaded portion of the 
implant-bone interface, especially at the first man-
dible thread (Fig. 3B). Both root radii of the thread 
were meshed with a 0.10-mm element size, and the 
value of the other threaded surfaces was about 
0.20 mm. However, the 0.05-mm element size at the 
first thread was, on average, 10-fold denser than the 
other sites of the implant and bone models. In this 
study, the curved boundary of the 10-node tetra-
hedral solid element was designed as the meshing 
strategy. There were no sharp discontinuities which 
could induce an unrealistically high stress concentra-
tion. Using the aspect ratio and Jacobian checks, all 
elements were within acceptable distortion limits, 
thus maximizing the accuracy of the results. On av-
erage, numbers of elements and nodes were 528,000 
and 693,000, respectively, for the nine models. The 
meshing, analysis, and post-processing of the nine 
models used the COSMOSWorks Ed. 2008 software 
(SolidWorks Corp.).
Comparative indices
Four indices were used to explain and discuss the 
results of this finite-element study. The first index 
was the total contact area between the threaded 
portion of the implant and the smooth portion of the 
surrounding bone (Fig. 3B). The value of the total 
contact area was directly obtained using SolidWorks 
commands. The second index was the distribution of 
the von Mises stress for each thread along the implant 
axis. This index was used to verify whether the most-
stressed site was at the first thread, as reported in 
the literature. If this was consistent with other liter-
ature reports, the third index was a comparison of 
the maximum stress at the first thread of the nine 
implant models. The fourth index further compared 
differences in the statistical distributions of nodal 
stresses of the nine implant models within that high-
stress-concentrated site. The average stresses of 
the nodes within the definite area of the first thread 
were calculated and compared to the maximum 
stress, which is commonly chosen as a comparison 
index in the literature. This index can provide in-
formation regarding the effect of the thread shape 
and taper on the stress of the first thread.
Results
Contact area
Fig. 4 shows values of the total contact area for the 
nine implant models. For the symmetrical, square, 
and buttressed threads, contact areas of the conical 
implant were, respectively, 1.5%, 0.7%, and 0.7% less 
than that of the corresponding cylindrical one. For 
the cylindrical implant, contact areas of the sym-
metrical, square, and buttressed threads with the 
0.60-mm pitch were, respectively, 7.3%, 9.0%, and 
7.8% higher than those with the 0.80-mm pitch. 
Among both thread pitches, the contact area of the 
square thread was the highest, followed by the but-
tressed one, with the symmetrical one the smallest. 
Cortical
bone
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Buccal
Lingual
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Cancellous
bone
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Axial load
(100 N)Oblique load
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Fig. 3 (A) The finite-element model used in this study. The chewing forces were directly applied to the superior sur-
face of the implant. (B) The vertically sectioned model illustrates the mesh strategy of local control of the element 
size, especially at highly stressed sites.
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The contact area of the conical square thread with a 
0.6-mm pitch was 10.8% and 5.1% higher than those 
of the corresponding symmetrical and buttressed 
ones. For the 0.60-mm pitch, the contact area of the 
cylindrical square thread was 9.8% and 5.1% higher 
than those of the symmetrical and buttressed ones. 
Comparatively, respective differences in areas of 
the symmetrical and buttressed threads compared 
to the square thread were 8.1% and 4.0% for the 
0.80-mm pitch. There were 10 and seven threads for 
the 0.60-mm and 0.80-mm pitches, respectively 
(Figs. 2A and 2B).
Assuming the bone to be a continuous material, 
Fig. 5A shows a schematic diagram of the implant-
bone interfaces. During implant insertion, the bone 
block was deformed to accommodate the thread 
profile around the insertion hole (Fig. 5B). For the 
symmetrical, square, and buttressed threads, the 
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Fig. 5 (A) After the pilot drilling, the mandible threads were formed by subsequent extrusion for insertion of the 
implant. The diagram shows the serial mandible threads along the implant axis. The smooth and threaded portions 
of a single implant thread are indicated. (B) Mandible threads for the symmetrical, square, and buttressed threads. 
(C) Three thread profiles were calculated and compared. Stress-concentration sites for the three thread shapes are 
indicated by the points a (square), b (buttressed), and c (symmetrical).
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Fig. 4 Values of the total contact area for the nine implants. The contact area was defined as the surface area between 
the implant-bone interface, ranging from the implant tip to line AB.
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cross-sectional areas of the single mandible thread 
were 0.12 mm2, 0.17 mm2, and 0.14 mm2, respec-
tively. Area values of the single square thread were 
41.7% and 21.4% higher than those of the symmet-
rical and buttressed threads. This study assumed 
that the mechanical strength and stress value of a 
thread were closely related to its cross-sectional 
area. Fig. 5C shows the circumferential length of 
a single thread projected onto the sagittal plane. 
Circumferential lengths of the single symmetrical, 
square, and buttressed threads were 0.91 mm, 
1.07 mm, and 0.99 mm, respectively. The circumfer-
ential length of the square thread was again the 
highest, and was 17.6% and 8.1% higher than those of 
the symmetrical and buttressed threads, respectively. 
For the three thread shapes, the most stressed sites 
consistently occurred at the thread root (Fig. 5C). 
This demonstrates that the root radii (R1 and R2) 
significantly affected the stress concentration of 
the implant threads.
Bone stresses
In this study, 14 points on the implant-bone inter-
face were selected to find the most stressed site 
of the surrounding bone (Fig. 6). Among all implant 
models, the most stressed sites consistently occurred 
at the first thread. For the conical implant with the 
0.6-mm pitch, the maximum stresses at the first 
thread were 115.2 MPa, 68.5 MPa, and 83.3 MPa for 
the symmetrical, square, and buttressed threads, 
respectively. For the symmetrical, square, and but-
tressed threads with the 0.6-mm pitch and a cylin-
drical thread taper, the maximum stresses at the 
first thread were 116.0 MPa, 64.5 MPa, and 82.6 MPa, 
respectively. The stress of the symmetrical thread 
was 79.8% and 40.4% higher than those of the square 
and buttressed threads (Fig. 7). For the symmetrical, 
square, and buttressed threads with the 0.8-mm 
pitch, the maximum stresses at the first thread were 
136.0 MPa, 92.6 MPa, and 97.8 MPa, respectively. The 
stress of the symmetrical thread was 46.9% and 
39.1% higher than those of the square and buttressed 
threads (Fig. 7).
Within the area (= 0.156 mm2) enclosed by the 
tip of the first thread, percentages of node numbers 
for the six ranges of nodal stress are shown in Fig. 8. 
For the symmetrical, square, and buttressed threads 
with a cylindrical taper and 0.6-mm pitch, only 9.9%, 
1.0%, and 5.0% of the nodes, respectively, had stress 
values exceeding 60 MPa. In this study, the average 
stress value of the nodes around the first thread 
tip was also chosen as a comparison index (Fig. 7). 
For the conical taper, the average stress of the sym-
metrical thread was, respectively, 47.6% and 14.8% 
higher than those of the square and buttressed 
threads. For the cylindrical taper and 0.60-mm pitch, 
the average stress of the symmetrical thread was 
55.0% and 24.0% higher than those of the square 
and buttressed threads, respectively. Regardless of 
the thread taper design, both were almost equally 
stressed at the first thread root (Fig. 7). For the 
0.80-mm pitch, the aforementioned differences in 
the average stress were 35.7% and 22.6%. Regardless 
of the maximum or average stress, the stress value 
of the first thread for the symmetrical thread was 
higher than the other two.
Discussion
Within the immediate postoperative period, the ini-
tial stability of an inserted implant is a direct conse-
quence of the geometric constraints imposed by the 
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Fig. 6 For the nine implant designs, the von Mises stress of each mandible thread is shown by the 14 points along the implant 
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implant threads. Further stabilization of the implant 
is enhanced by osseointegration of the threaded sur-
face and bone structure. In this study, we postulated 
that the initial stability of the implant-bone structure 
is closely related to the thread shape and taper of 
the implant. The seven parameters of thread shape 
and two types of thread taper were defined, and 
their effects on the contact area and stress distribu-
tion of the implant-bone construct were evaluated.
Contact area
Fig. 4 shows the values of the total contact area for 
the nine implant-bone structures within cancellous 
bone. Among the three thread shapes, the contact 
area of the square thread was the highest, followed 
by the buttressed one, with that of the symmetrical 
one the least. This indicates that the implant with 
square threads possesses higher total contact area 
at the implant-bone interface compared to the other 
two types. On average, the total contact area of the 
square thread was 9.7% and 4.8% higher than those 
of the symmetrical and buttressed types for the two 
types of thread pitch. This finding is of biomechan-
ical significance for the surface treatment of implant 
threads. If the surface treatment is the same, the 
surface area of the roughened square threads can be 
reasonably assumed to still be the highest among the 
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three thread shapes. However, the thread shape 
might also affect insertion-induced resistance dur-
ing implant surgery. In a situation of more intimate 
implant-bone contact, a higher torque might be nec-
essary to overcome the insertion-induced resistance 
but could possibly induce heat damage to the sur-
rounding bone. Hence, the tradeoff between the 
contact area and insertion resistance is important 
for the optimal design of the thread shape. How-
ever, these effects were not evaluated in this study, 
but only comparisons of the total contact area be-
tween several common thread designs were made.
After the threads of the titanium rod were 
lathed, the total contact area consisted of the re-
maining smooth and threaded surfaces below line 
AB (Figs. 3B and 5A). In this study, the widths (W) 
of the three thread shapes were identical. Thus, 
after lathing, the remaining areas of the smooth 
surface were nearly equal ( 35 mm2) among the 
three thread shapes. For the symmetrical, square, 
and buttressed threads with the cylindrical taper 
and 0.60-mm pitch, values of the total contact area 
were 132 mm2, 145 mm2, and 138 mm2, respectively 
(Fig. 4). Values of the threaded area were 96 mm2, 
111 mm2, and 103 mm2, respectively (Fig. 9A). Ratios 
of the threaded to the total contact area were 
72.7%, 76.6%, and 74.6%, respectively, for the sym-
metrical, square, and buttressed threads. Hence, 
the main contributor to the total contact area was 
the threaded surface, at about 74.6%, rather than the 
remaining smooth surfaces. Apparently, the area 
ratio of the threaded surface for threads with the 
0.80-mm pitch was less than that of the 0.60-mm 
pitch (Fig. 4). The reason was that the number of 
threads with pitch = 0.60 mm (= 10 threads) was more 
than that of pitch = 0.80 mm (= 7 threads) (Fig. 2B).
The contact area (= 133 mm2) for the square 
thread with the 0.80-mm pitch was 9.0% less than 
that ( 145 mm2) of the square one with the 0.60-
mm pitch (Fig. 4). In terms of contact areas and 
stress values, the thread design with the finer pitch 
seemed to be more ideal than the coarser one. 
However, in the situation of pitch = 0.60 mm and W =
 0.50 mm, the square thread had about 0.10-mm wall 
thickness and was prone to plastic yielding or fa-
tigue cracking (Fig. 1). Consequently, the optimal 
value of the pitch for square threads was closely 
related to the aforementioned factors and was fur-
ther investigated by experimental methods.
Figs. 5B and 5C respectively illustrate the cross-
sectional area and circumferential length of a single 
thread projected onto the sagittal plane. For both 
cross-sectional area and circumferential length, the 
square thread possessed higher values compared to 
the other types. Fig. 9A shows that the contact area 
of only the threaded surface was highly correlated 
with the circumferential length of the single thread 
(r = 0.99). For the total contact area, a very high cor-
relation still existed (r = 0.99). Thus, the circumfer-
ential length of a single thread can be used as an 
evaluation index for the contact area of the threaded 
or even the total surface.
Bone stresses
No mechanical fixation was assumed within the 
implant-cortex contact region in this study (Fig. 3A). 
Fig. 6 shows that the most stressed site for all im-
plant models consistently occurred at the first 
thread of the cancellous bone rather than within the 
cortex region. In general, the bone stress rapidly 
decreased towards both the tip and head of the 
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implant. This finding indicates a geometric discon-
tinuity of the implant thread, not a difference in 
the mechanical strength of the surrounding bone, 
which accounts for the stress concentration on the 
implanted mandible. In practice, some commercially 
available implants have fine threads within the cor-
tical region for more secure and immediate fixation. 
However, the current study provides no further in-
sights into whether cortical fixation will benefit 
from decreasing the concentrated stress at the first 
thread compared to cancellous fixation, as assumed 
in this study.
The implant threads in Fig. 5B were used to il-
lustrate the mechanism for discussing comparisons 
among stress values of different thread designs. 
The implanted bone block was extruded and re-
shaped as the thread-like profile around the inser-
tion hole (Fig. 5B). We postulate that the bone 
threads formed by the inserted implant play a sig-
nificant role in the bone strength and stress. Fig. 5B 
shows the bone threads with the three types of 
implant thread. Among them, the structure of the 
square thread was the strongest, followed by the 
buttressed one, and then the symmetrical one which 
had the smallest cross-sectional area. The bone 
stress at the first thread also revealed similar pat-
terns for the three implant threads (Figs. 6 and 7). 
However, Fig. 9B shows a negative correlation (r = 
−0.96) between the thread area of a single thread 
and the most concentrated stress of the first thread. 
Clarification of this contradiction should take the 
stress concentration of the root radius into consid-
eration. Fig. 5C illustrates that stress-concentrated 
sites of the finite-element analyses were consist-
ently at the root radii for all three threads. Con-
sequently, if the root radii are well-controlled by 
design and/or fabrication, the probability of fa-
tigue cracking at those sites can be reasonably as-
sumed to be suppressed. In this study, all root radii 
of the three thread shapes were 0.15 mm, thus 
equalizing the stress-concentrating effects. Only 
the flank angles (θ1 and θ2) of the thread shape in-
fluenced the concentrated stresses. In such a situ-
ation, the square thread is a comparatively more 
optimal design in terms of contact area and con-
centrated stress.
In the literature, one of the reported advantages 
of the conical over the cylindrical implant includes 
the higher insertion torque. The higher insertion 
torque was inferred to result in greater initial sta-
bility. The detailed mechanism explaining such an 
effect has not yet been discussed. At the first man-
dible thread, Fig. 7 shows that the stress value of 
the conical design was comparable to that of the 
cylindrical one.
During the finite-element analysis, the current 
study further investigated the stress distribution of 
the nodes around the first thread and averaged all 
nodal stresses (Fig. 8). Within the area enclosed by 
the first thread tip, the average value of all nodal 
stresses showed a similar trend to the maximum 
value (Fig. 7). Regardless of whether the average or 
maximal stress was chosen as the comparison index, 
the symmetrical thread was the most stressed com-
pared to the other two. This indicates that thread 
design significantly affects the stress of the threads 
themselves.
In conclusion, among the three thread shapes, 
the contact area of the symmetrical thread was 
the least, and its first thread was subjected to the 
greatest stresses. If the wall thickness of the square 
thread was kept structurally reasonable, the square 
thread possessed a higher contact area and lower 
stress value than the buttressed one. However, fur-
ther evaluations of the insertion torque, holding 
power, and fatigue properties should be made to pro-
vide complete information about the optimal design 
of implant threads.
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